\'Jany of the molecular and catalytic properties of aldolase A, the classical muscle enzyme, and aldolase B, liver aldolase, have been defined.' Although these enzymes have generally similar molecular properties, they have different primary structures and can also be readily distinguished by their catalytic properties.2 In this paper, we report the existence of a third fructose diphosphate aldolase termed "aldolase C" which is distinct from aldolases A and B. These three parent forms of aldolase appear to be structurally homologous since hybrids of these enzymes can be formed by dissociation and reassociation of mixtures of the parent aldolases. Five forms, including three hybrids, are detectable by zone electrophoresis and by chromatography for each two-membered set of parent aldolases. Hybrid forms of the aldolase A-B and aldolase A-C sets are found in extracts of tissues which are known to contain aldolases A and B or A and C, respectively. The fructose diphosphate aldolase activity of all tissues examined can be related to the presence of the parent FDP a-dolases A, B, C, or their hybrids. The number of hybrids found (three) in each two-membered aldolase set is difficult to reconcile with a three-chain model of the enzyme, but it is easily harmonized with a molecule composed of four subunits. In spite of considerable chemical and physical evidence supporting the three-chain model, we have been led to consider the latter possibility seriously.
A 0.5% Noble agar solution in 0.01 M NaAsO4, pH 7.5, containing 0.01 M NaFDP (Calbiochem), 0.001 M NAD, 0.12 mg/ml glyceraldehyde-3-phosphate dehydrogenase, 0.024 mg/ml phenazine methosulfate, and 0.4 mg/ml nitroblue tetrazolium chloride was poured into shallow dishes (4 ml per Petri dish) at 420 and allowed to solidify at 4°. After electrophoresis, the cellulose acetate strips were placed on this agar and incubated at 370 for 10-20 min to allow color development.
In (0.2-0.4 ml) was added to the mixture at 2°to bring the pH to 2.0. After about 30 min, the enzyme was diluted to approximately 0.1 mg/ml in a medium containing 1 mg/ml albumin in 0.1 M glycylglycine and 0.01 M EDTA, pH 7.5, at 00. The pH of the solution was adjusted to 7.5 by careful addition of cold 1 N NaOH or 1 M Tris base (0.2-0.3 ml). The solution then was concentrated to approximately 1 mg/ml by ultrafiltration or vacuum dialysis.
Results.-Immunochemical evidence for a third aldolase: The activity of aldolases A and B can be distinguished in crude extracts by substrate specificity (FDP/F1P activity ratio = -50 and 1 for aldolases A and B, respectively), or by inhibition with specific antibodies. (Antibodies prepared against aldolase A precipitate and specifically inhibit aldolase A activity, but are indifferent to aldolase B; and, conversely, antibodies prepared against aldolase B precipitate and inhibit aldolase B activity, but have no effect on aldolase A activity.) Using these criteria, Blostein4 and Weber' in this laboratory defined the distribution of aldolases A and B in various tissues. The results are summarized in Table 1 . In all tissues examined, except brain, the aldolase activity behaved as aldolase A, aldolase B, or a mixture of the two. The aldolase activity in muscle, heart, and spleen exhibited an FDP/-F1P activity ratio approaching 50, the value for pure aldolase A, and was also quantitatively inhibited by anti-A. On the other hand, the aldolase activity in liver and kidney extracts exhibited an FDP/F1P activity ratio of approximately 1 and 2, respectively. The degree of inhibition by anti-A and anti-B corresponded to that predicted from the FDP/F1P activity ratios of pure aldolases A and B. In contrast to the above, the FDP/F1P activity ratio of brain tissue was 26, a value which would predict more than 95 per cent inhibition by anti-A. Only partial (80%) inhibition by excess anti-A was observed, and no further inhibition was detected on addition of excess anti-B. The residual aldolase activity after treatment with excess anti-A and anti-B exhibited an FDP/F1P activity ratio of 5 tested by measuring the effects of anti-A and anti-B on the aldolase activity of brain extracts. Anti-A completely inhibited the activity of the A band and, in decreasing fashion, the adjacent three bands, but had no effect on the most anodic band, whereas anti-B had no effect oin any of the activities. Treatment of kidney extracts, which contain the aldolase A-B set, with anti-A selectively removed the band corresponding to A and, in diminishing quantity, the adjacent three bands of the A-B set, but had no effect on the band corresponding to aldolase B. Treatment with anti-B abolished the band corresponding to B and, in diminishing fashion, the adjoining three bands, but had no effect on A. Thus, all the activity in kidney extracts was sensitive to either anti-A or anti-B. It was concluded, therefore, that the anodic activity in brain was the result of an aldolase distinct from aldolases A and B; it was termed "aldolase C." Chromatographic resolution of A-B and A-C hybrids and the isolation of aldolase C: Isolation in high yields of the five forms of aldolase present in brain extracts has been accomplished by a simple procedure involving substrate (FDP) elution of the enzymes from cellulose phosphate columns. Resolution of the hybrids has been achieved by chromatography on DEAE cellulose as shown in Figure 2 . Aldolase C (the terminal peak) catalyzes the cleavage of approximately 7 Mmoles FDP/min/mg protein under standard assay conditions, and exhibits an FDP/F1P activity ratio of approximately 10 . The molecular and catalytic properties of aldolase C and the hybrids of the A-C set will be reported in another communication.
Members of the A-B hybrid set have been partially resolved by chromatography on cellulose phosphate. Electrophoretic analysis shows that the first and last peaks contain only aldolases A and B, respectively. The three central peaks are enriched for the corresponding band in the zymogram, but are not completely free of neighboring hybrid species. The FDP/F1P activity ratios of the A-B hybrids fall in an ordered series between those of the parent molecules (aldolase B = 1, aldolase A = 50). The specific activities of the bands also fall in an ordered series between 1.5 and 15, the activities of aldolases B and A, respectively.
Formation of hybrids of aldolases A, B, and C: The possibility that the intermediate three bands in the five-membered sets detected in tissue extracts were hybrids was confirmed by experiments in which bands of similar mobility were produced from appropriate mixtures of aldolases A, B, and C after dissociation and reassociation in vitro. Discussion. Aldolase C: In the present study, aldolase C is differentiated from aldolases A and B by its catalytic properties, electrophoretic mobility, chromatographic properties, and immunochemical characteristics as well as by its ability to form distinct hybrids with aldolases A and B. We conclude that aldolase C is structurally distinct from aldolases A and B. The aldolase activity in mammalian tissues, therefore, appears to result from three independently regulated structural genes. The catalytic properties of aldolases A and B can be correlated with physiological function in the tissues in which they were found,5' I but there is as yet no clear evidence for a functional modulation of aldolase C. It is possible that aldolase C is associated with a unique cellular localization of aldolase. Attempts to define the distribution of aldolases A and C within brain cells are in progress.
Although the present studies have involved the tissues from rats and rabbits, a preliminary analysis indicates that three aldolase forms are widely distributed in tissues of other vertebrates. The distribution of the aldolase forms in the various species is, however, not always organ-specific. This fact suggests that the catalytic and molecular properties of aldolases A, B, and C may differ in various species, or that the distribution is not solely a result of physiological suitability but rather, perhaps, of developmental advantage.
Hybrid forms: The existence of hybrids in tissues containing more than one parental form of aldolase indicates the synthesis of the subunits of both aldolase molecules in the same cell. Thus, it excludes the possibility of synthetic exclusivity of aldolases A, B, and C in specific cells. This was a strong possibility, at least for aldolases A and B, since the distribution of these enzymes appeared to be segregated in an all-or-none fashion.5' I As shown by the data in Figure 4 , the distribution of hybrids formed by reversible dissociation of two parental aldolases approximates that expected in a random process. The favored explanation of a zymogram pattern which is divergent frqm a binomial distribution is synthetic compartmentalization. Thus, the patterns obtained for liver and kidney are most easily explained in terms of cell heterogeneity in those organs: in liver, presumably the parenchymal cell synthesizes predominately aldolase B, and another cell type synthesizes the subunits of both aldolase A and aldolase B in similar proportions. The relatively weak central band observed in extracts of kidney tissue could be the result of two populations of cells, one synthesizing primarily aldolase A, and the other, aldolase B.
Number of hybrid forms and molecular structure: The demonstration of three hybrid forms for each pair of parental aldolases (Fig. 3) BIOCHEMISTRY: PENHOET $T AL.
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The stoichiometry of hybrid formation is relevant to the problem of the subunit composition of the aldolase molecule. The symmetry of a three-subunit system results in the formation of even-numbered sets. In contrast, recombination of the homologous proteins containing four identical subunits results in a five-membered set containing three hybrid species. Therefore, an unequivocal demonstration of a five-membered set (three hybrids) becomes a strong argument for a structure containing four identical subunits. Ihence, the validity of the demonstration of five-membered sets containing three hybrids must be carefully evaluated. The present experiments, of course, have analytical limitations; combinative restrictions as well as compensatory electrophoretic and chromatographic properties could limit the number of enzymatic forms detected. For a number of reasons, however, we believe the data may be a reflection of molecular reality: (1) Similar results have been obtained by electrophoresis in polyacrylamide gels or cellulose acetate using different buffer systems. There is little effect of added salts on the resolution of the five bands (three hybrid forms). (2) Aldolases A, B, and C exhibit similar electrophoretic mobilities when present in crude or highly purified systems. (3) There is no detectable change in the electrophoretic pattern observed by incubating extracts prior to analysis. (4) The various members of the A-C set are resolved chromatographically with no evidence of enzymatic heterogeneity in the purified fractions. (5) Five members of the aldolase A-C set are found on reversible dissociation of a crystalline preparation of a single hybrid. (6) The same number of hybrids is found in each of the three two-membered sets studied, even though members of each of the sets vary widely in the degree of resolution by the electrophoretic and chromatographic means employed. It appears unlikely that in all these experiments the estimation of the numberof hybrids formed by mixtures of the parental aldolases would be in error. However, the chemical and physical measurements. which have led to the three-subunit model for the aldolase molecule cannot be easily ignored; each determination has its own uncertainties, but the congruity of the results is persuasive. We believe that the evidence on balance is sufficiently contradictory to force a reconsideration of this fundamental structural characteristic of the FDP aldolase molecules. A direct test of combinative proportions is currently under way in our laboratory. We hope that the resolution of this structural dilemma will lead to an understanding of a molecular idiosyncrasy which is as interesting as it is momentarily obfuscating.
Summary.
- (1) A new fructose diphosphate aldolase termed "aldolase C" has been isolated from rabbit brain. Aldolase C can be distinguished from aldolase A and B by its catalytic properties, electrophoretic and chromatographic properties, and its immunochemical characteristics. Antibodies prepared against aldolase A and B do not cross-react with aldolase C.
(2) Five-membered aldolase sets including three hybrid forms are produced in vitro by reversible dissociation of a mixture of any two of the parental aldolases (A, B, or C). All five members of the A-C set can be produced on reversible dissociation of a single crystalline hybrid of the A-C set. Such hybrid forms are found in vivo in tissues which contain more than one parental aldolase type.
(3) The number of hybrid forms (three) can be easily reconciled with an enzyme composed of four similar subunits, but not with three-chain models of the enzyme.
